INTRODUCTION
In recent years, the pathways linking G-protein-coupled receptors (GPCRs) to mitogen-activated protein kinases (MAPKs) [specifically, the extracellular-signal-regulated kinases (ERK)1 and ERK2] have been studied extensively [1, 2] . Although these pathways reveal a high degree of complexity and cell specificity, several principal mechanisms have been identified, which include a set of key regulatory signalling molecules, such as tyrosine kinases, adaptor molecules, phosphoinositide 3-kinase (PI3-K) and protein kinase C (PKC). Thus G i -coupled receptors are thought to activate MAPK via their βγ-subunit Src-family kinases and\or receptor tyrosine kinases (RTKs), resulting in the tyrosine phosphorylation of Shc and its association with Grb2. Depending on the cell type, the different PI3-K isoforms α, β or γ may be involved upstream or downstream of Src or RTKs [3] [4] [5] [6] . G q -coupled receptors appear to activate MAPK either via a pathway involving PKC and Raf, which can bypass Ras [7] or, alternatively, via a Ras-dependent pathway involving the stimulation of Src [8] . In certain cells, cytosolic protein tyrosine kinases such as Pyk2 may act with Src upstream of Ras [9] .
Recently, ligand-independent tyrosine phosphorylation (transactivation) of RTKs, such as the epidermal growth factor (EGF) receptor (EGFR) [5, 10] or the platelet-derived growth Abbreviations used : EGF, epidermal growth factor ; EGFR, EGF receptor ; GPCR, G-protein-coupled receptor ; RTK, receptor tyrosine kinase ; PTP, protein tyrosine phosphatase ; RPTP, receptor protein tyrosine phsophatase ; SHP1, SH2-containing PTP1 ; MAPK, mitogen-activated protein kinase ; ERK, extracellular-signal-regulated kinase ; PKC, protein kinase C ; PI3-K, phosphatidylinositol 3-kinase ; LPA, lysophosphatidic acid ; MBP, myelin basic protein ; DTT, dithiothreitol ; PP1, 4-amino-5-(4-methylphenyl)-7-(t-butyl)pyrazolo (3,4-d) pyrimidine. 1 To whom correspondence should be addressed (e-mail b9licl!rz.uni-jena.de).
AG 1478, a specific inhibitor of EGFR tyrosine kinase, but was blocked by wortmannin or bisindolylmaleimide, inhibitors of phosphatidylinositol 3-kinase (PI3-K) and protein kinase C (PKC) respectively. These results also suggest that the bradykinin-induced activation of MAPK is independent of EGFR and indicate a pathway involving PI3-K and PKC. In addition, bradykinin evokes a rapid and transient increase in Src kinase activity. Although Src does not participate in bradykinin-induced stimulation of PTP activity, inhibition of Src by 4-amino-5-(4-methylphenyl)-7-(t-butyl)pyrazolo (3,4-d) pyrimidine leads to an increase in MAPK activation by bradykinin. Our results suggest that in A431 cells the G q/"" -protein-coupled bradykinin B # receptor may stimulate PTP activity and thereby transinactivate the EGFR, and may simultaneously activate MAPK by an alternative signalling pathway which can bypass EGFR.
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factor receptor [11] has been suggested to represent an essential event for MAPK activation by both G i -and G q -coupled receptors [5] . Transactivation of EGFR was found in response to a variety of stimuli, such as endothelin-1, lysophosphatidic acid (LPA), thrombin, bombesin or carbachol (via M2 receptors) in Rat-1 fibroblasts or COS-7 cells [5, 10] , carbachol (via M1 receptors) in HEK-293 cells [12] , angiotensin II in GN4 rat liver endothelial cells [13] , or bradykinin in PC-12 cells [14] or COS-7 cells [15] . The molecular mechanism of ligand-independent tyrosine phosphorylation of RTKs induced by a GPCR is still poorly understood. For example, LPA-induced MAPK activation in COS-7 cells was found to be dependent on Src-mediated EGFR transactivation [16] , whereas, in Rat-1 fibroblasts, Src is not required for MAPK activation by LPA [17] . Furthermore, in PC-12 cells the bradykinin-stimulated EGFR transactivation is critically dependent on the presence of extracellular Ca# + [14] , but in HEK-293 cells transactivation of EGFR by carbachol does not require Ca# + [12] . In these cells, PKC was found to mediate EGFR transactivation [12] , whereas in GN4 cells PKC suppressed the angiotensin II-induced EGFR transactivation [13] . At present it also remains unclear whether activation of Src, stimulation of the intrinsic kinase activity of EGFR or suppression of tyrosine phosphatase activity might be responsible for an increase in EGFR tyrosine phosphorylation in response to an agonist-activated GPCR. Recently, it was demonstrated for HeLa cells and NIH 3T3 cells that the intrinsic tyrosine kinase activity of EGFR contributes to the LPAstimulated MAPK activation [18] . On the other hand, there is also increasing evidence that tyrosine phosphatases may participate in GPCR-induced signalling events [19, 20] .
The human epidermoid carcinoma cell line A431 that overexpress EGFR is a favoured model for studying EGFR and its signal transduction. Beside the EGFR, A431 cells also endogenously express, for instance, the purinergic P2 receptor [21] , the LPA receptor [22] and the bradykinin B2 receptor [23, 24] . Although the mitogenic as well as the antimitogenic effect of EGF and its relation to MAPK activation by EGF in this cell line is well studied [25, 26] , there are no investigations of GPCRinduced MAPK activation in A431 cells.
In the present work, we investigated the effect of bradykinin on EGFR tyrosine phosphorylation and MAPK activity in A431 cells. Our results suggest that bradykinin stimulates protein tyrosine phosphatase (PTP) activity and decreases tyrosine phosphorylation of EGFR, on the one hand, and independently activates MAPK via a pathway that is sensitive towards inhibitors of PI3-K and PKC, on the other hand. Thus we provide evidence that, in certain cells, transactivation of EGFR is not necessarily a prerequisite of GPCR-induced activation of MAPK.
EXPERIMENTAL

Materials
[γ-$#P]ATP (3000 Ci\mmol) was obtained from NEN Life Science Products (Bruxelles, Belgium). Bradykinin, LPA, EGF, pertussis toxin, aprotinin, leupeptin, bacitracin, BSA, myelin basic protein (MBP), sodium orthovanadate, PMSF, dithiothreitol (DTT), ATP, Nonidet-P40, Protein A-Sepharose, horseradish peroxidase-conjugated goat anti-rabbit IgG, Hepes, Tween 20 and diagnostic film (Biomax ; Eastman Kodak) were obtained from Sigma (Deisenhofen, Germany). Bisindolylmaleimide was purchased from Boehringer (Mannheim, Germany). Wortmannin, AG 1478 4-amino-5-(4-methylphenyl)-7-(t-butyl)pyrazolo(3,4-d)pyrimidine (PP1) and phenylarsine oxide were obtained from Calbiochem-Novabiochem (Bad Soden, Germany). Polyclonal antibodies against MAPK p44, EGFR, the PTPs, SH2-containing PTP1 (SHP-1) and PTP-1B, and c-Src were purchased from Santa Cruz (Santa Cruz, CA, U.S.A.). The monoclonal anti-phosphotyrosine antibody 4G10 was obtained from Upstate Biotechnology (Lake Placid, NY, U.S.A.). The specific Src peptide substrate p-AEEEIYGEF-EAKKKK was synthesized and kindly provided by Dr Torsten Steinmetzer (Institute of Biochemistry and Biophysics, University of Jena, Germany).
Cell culture
Human epidermoid carcinoma cells A431 (DSM, Braunschweig, Germany) were grown in RPMI 1640 medium supplemented with 10 % (v\v) fetal-calf serum, 100 units\ml penicillin, 10 µg\ml streptomycin and 0.25 µg\ml amphotericin B, in humidified air with 5 % CO # at 37 mC. For stimulation experiments, A431 cells were grown in 6-well dishes, preincubated in serum-free medium for 2 h and then treated as indicated in the Figure legends.
Cell lysis, immunoprecipitation and Western blotting
After stimulation, cells were scraped off the well and centrifuged for 1 min at 5000 g. The medium was removed and the pellets were lysed in 1 ml of lysis buffer [20 mM Hepes, pH 7.5, 10 mM EGTA, 40 mM β-glycerophosphate, 1 % (v\v) Triton X-100, 2.5 mM MgCl # , 2 mM orthovanadate, 1 mM DTT, 1 mM PMSF, 20 µg\ml aprotinin and 20 µg\ml leupeptin]. Precleared supernatants were immunoprecipitated using either rabbit polyclonal anti-ERK1 antibody (1 µg\ml) or rabbit polyclonal anti-EGFR antibody (1 µg\ml). For immunoprecipitation of tyrosine phosphatases, polyclonal anti-SHP-1 (2 µg\ml), polyclonal anti-PTP-1B (2 µg\ml) or affinity-purified polyclonal antibodies against a C-terminal sequence in RPTPσ and LAR [27] (6 µg\ml) were used and orthovanadate was omitted from the lysis buffer. Antigen-antibody complexes were recovered using Protein ASepharose. The immunoprecipitates were washed three times with PBS containing 1 % Triton X-100 and 2 mM orthovanadate (omitted in the case of PTP immunoprecipitates). For ERK1 immunoprecipitates (MAPK assay), a separate washing protocol was used. The samples were boiled in 50 µl of Laemmli buffer and subjected to SDS\PAGE (7.5 % gels or, for MAPK assay samples, 13 % gels). Separated proteins were transferred to PVDF membranes, blocked overnight with 3 % (w\v) non-fat dried milk in TBST (10 mM Tris\HCl, pH 7.5, 0.5 M NaCl, 0.1 % Tween 20). For immunoblotting analysis of EGFR and ERK1, blots were probed with the respective antibodies. Tyrosine phosphorylation of EGFR was detected with a monoclonal antiphosphotyrosine antibody 4G10. In this case, filters were blocked with BSA in TBST. For reblotting, a polyclonal anti-EGFR antibody (Santa Cruz) was used. Horseradish peroxidase-conjugated anti-rabbit IgG was used as secondary antibody and proteins were detected using a ECL2 detection system (Amersham) and exposure to Biomax films (Kodak).
Measurement of p44 mapk (ERK1) activity
The ERK1 immunoprecipitates of appropriately stimulated cells were subsequently washed with PBS containing 1 % Triton X-100\2 mM orthovanadate, Tris\HCl, pH 7.5, containing 0.5 M LiCl, and kinase buffer (12.5 mM Mops, pH 7.5, 12.5 mM β-glycerophosphate, 7.5 mM MgCl # , 0.5 mM EGTA, 0.5 mM sodium fluoride, and 0.5 mM orthovanadate). The phosphorylation assay was perfomed in 30 µl of kinase buffer containing 1 µCi [γ-$#P]ATP, 20 µM ATP, 1.5 mg\ml MBP and 3.3 µM DTT. After 20 min at 30 mC, the reaction was terminated by the addition of 10 µl of Laemmli buffer and the samples were boiled for 5 min. Proteins were separated by SDS\PAGE (12.5 % gels) and the gels were cut into two. The lower part was dried, autoradiographed and radioactivity incorporated into MBP was quantified using a Phosphoimager. The upper part of the gel was blotted and the immunoprecipitation was analysed by immunoblotting using an anti-ERK 1 antibody.
PTP assay
For substrate labelling, the synthetic peptide Raytide (1 mg\ml) was dissolved in 50 mM Hepes (pH 7.5), 0.1 mM EDTA, 0.05 % (v\v) Triton X-100. The reaction mixture was prepared by mixing 10 µl Raytide solution, 10 µl assay buffer [50 mM Hepes (pH 7. For measuring PTP activity, the reaction mixture contained assay buffer, labelled Raytide (approx. 50 000 c.p.m. per assay) and diluted samples of cell lysates or PTP immunoprecipitates in a total volume of 50 µl. After incubation for 30 min at 37 mC, the reaction was terminated by adding 750 µl of ice-cold stop solution [0.9 M HCl, 90 mM sodium pyrophosphate, 2 mM NaH # PO % , 4 % (w\v) activated charcoal]. After centrifugation for 5 min at 10 000 g, 400 µl of the supernatants were counted for radioactivity.
Phosphorylation of Src peptide substrate
A431 cells were stimulated for the indicated times with 100 nM bradykinin or 100 ng\ml EGF. Cell lysates were immunoprecipitated with c-Src antibody according to the manufacturer 's instructions. Immunoprecipitates were washed three times with PBS containing 1 % Triton X-100 and resuspended in buffer [50 mM Hepes (pH 7.4), 2 mM DTT, 10 mM MnCl # , 10 mM MgCl # , 10 µM ATP]. Kinase reactions were initiated by the addition of 2 µCi [γ-$#P]ATP in theresence of the highly specific Src peptide substrate p-AEEEIYGEFEAKKKK [28] in a total volume of 20 µl. After incubation for 20 min at 30 mC, the reaction was terminated by addition of Laemmli sample buffer (20 µl) and heating for 2 min at 95 mC. The phosphorylation of the peptide was analysed by SDS\PAGE (16 % gel) and autoradiography. Alternatively, phosphorylation was stopped by the addition of 100 µl of 10% (v\v) phosphoric acid and the reaction mixture was applied to ion-exchange chromatography paper (P-81 ; Whatman). Papers were washed five times in 0.5 % phosphoric acid, dried and counted for radioactivity.
RESULTS
Bradykinin-induced decrease in EGFR tyrosine phosphorylation and stimulation of MAP kinase activity via a pertussis-toxininsensitive G-protein in A431 cells
In A431 cells overexpressing EGFR, a basal level of EGFR tyrosine phosphorylation was detectable in the absence of EGF. Stimulation with EGF strongly increased tyrosine phosphorylation of EGFR (4.6p0.5 fold over basal ; n l 4). In contrast, treatment of A431 cells with bradykinin did not result in tyrosine phosphorylation (transactivation) of EGFR, as in other cells,
Figure 1 Time course of bradykinin-induced decrease in basal EGFR tyrosine phosphorylation and of MAPK activation
Serum-starved A431 cells were incubated with either 100 nM bradykinin or, for control, with 50 nM EGF for the times indicated. Cells were lysed, EGFR was immunoprecipitated and analysed using anti-phosphotyrosine antibody as described in the Experimental section (A). The amounts of immunoprecipitated EGFR was controlled by reblotting with anti-EGFR antibody (B). Before immunoprecipitation, samples of cell lysates were subjected to PAGE, blotted, and activated MAPK was determined using a monoclonal p-ERK antibody (C). The results shown are representative of two similar experiments performed in duplicate. WB, Western blot. The effect of pertussis toxin (PTX) on bradykinin-induced MAPK activation was assessed using the MBP phosphorylation assay, as described in the Experimental section. The quality of immunoprecipitates was determined by reblotting using anti-ERK-1 antibody. Shown is a representative autoradiogram of three independent experiments. but rapidly diminished the amount of tyrosine-phosphorylated EGFR in absence of EGF (transinactivation) over a period of 20 min. Summarizing the results of several experiments, the treatment of A431 cells with bradykinin for 5 min resulted in a decrease in basal EGFR tyrosine phosphorylation to 27.8p19.7 % (n l 10). Within the same time scale, bradykinin induced a stimulation of MAPK activity (Figure 1) , and the combined results of different experiments revealed a 4.8p1.5-fold stimulation (n l 10) of MAPK activity in response to bradykinin. These effects of bradykinin were not significantly affected by pretreatment with pertussis toxin (Figure 2 ). The apparent slight inhibitory effect of pertussis toxin on bradykinininduced transinactivation resulted from the extremely potent effect of bradykinin in the experiment shown but this effect was not significant in other experiments [27.8p19.7 % (n l 10) in the presence of bradykinin versus 16.1p9.0 % (n l 4) in presence of pertussis toxin and bradykinin]. In controls, the same concentration of pertussis toxin was used to inhibit the decrease in EGFR tyrosine phosphorylation induced by LPA. The action of LPA in this cell line is mainly mediated by pertussis-toxinsensitive G-proteins [22] . As shown in Figure 3 , not only the basal but also the EGF-induced autophosphorylation of EGFR was clearly decreased after pretreatment of A431 cells with bradykinin, reaching a value of 50p15.1 % (n l 4) of the basal value. The effect of bradykinin on EGF-stimulated tyrosine phosphorylation of EGFR was also not affected by pertussis toxin (results not shown). In addition, the notable increase in MAPK activity induced by a short stimulation with EGF (5 min) was reduced in presence of bradykinin to the level of bradykinininduced activation of MAPK. These results suggest that
Figure 3 Bradykinin inhibits EGF-induced autophosphorylation of EGFR (A) as well as EGF-stimulated activation of MAPK (B)
Serum-deprived A431 cells were stimulated with EGF (100 ng/ml) or bradykinin (100 nM) alone or with bradykinin and EGF simultaneously for 5 min. The cells were lysed and both tyrosine phosphorylated EGFR and MBP phosphorylation by immunoprecipitated MAPK were detected as described in the Experimental section. These experiments were repeated twice in duplicate with comparable results.
Figure 4 Effects of PTP inhibitors on bradykinin-induced decrease in basal EGFR tyrosine phosphorylation
Serum-starved A431 cells were preincubated with sodium orthovanadate (500 µM) or phenylarsine oxide (30 µM) for 1 h. The PTP inhibitor-treated cells and untreated controls were then stimulated with bradykinin (100 nM) for 5 min. After cell lysis, EGFR was immunoprecipitated and analysed for tyrosine phosphorylation as described in the Experimental section. The results are representative of two (phenylarsine oxide) or three (orthovanadate) experiments with duplicate samples of different cell preparations.
bradykinin counteracts the effect of EGF at the level of EGFR tyrosine phosphorylation.
Stimulation of PTP activity by bradykinin in A431 cells
When A4341 cells were treated with bradykinin in the presence of PTP inhibitors, such as orthovanadate or phenylarsine oxide, the bradykinin-induced decrease in EGFR tyrosine phosphorylation was prevented (Figure 4 ). Both inhibitors increased the basal (EGF-independent) EGFR tyrosine phosphorylation and this level was not affected by bradykinin. This is the first evidence indicating the involvement of PTP activity in bradykinin signalling in A431 cells. A second line of evidence came from experiments which demonstrated the stimulation of PTP activity by bradykinin in itro. As shown in Table 1 , bradykinin significantly increased PTP activity in total cell lysates, as measured by the dephosphorylation of [$#P]Raytide. The increase in PTP activity in response to bradykinin was comparable with that induced by EGF. Indeed, EGF stimulation of EGFRdirected PTP activity in A431 cells has been observed previously 
Figure 5 Blockade of EGFR tyrosine kinase does not influence the stimulatory effect of bradykinin towards MAPK
Serum-deprived A431 cells were preincubated with 100 nM AG 1478 for 30 min and then treated with 100 nM bradykinin or, for control, 50 nM EGF for 5 min. After cell lysis, MAPK activity was determined as described in the Experimental section. Shown are representative autoradiograms of two (EGF) or three (bradykinin) independent experiments performed in duplicate.
[29]. We next investigated whether one of three PTPs known to interact with the EGFR might be affected by bradykinin. Evidence was obtained that RPTPσ was stimulated after treatment of A431 cells with bradykinin, whereas no significant changes in the activities of PTP SHP-1 and PTP 1B were detected ( Table 2) .
Activation of MAPK by bradykinin is independent of EGFR and involves both PI3K and PKC
As shown in Figure 5 , bradykinin-induced activation of MAPK was not affected by the specific EGFR tyrosine kinase inhibitor
Figure 6 Inhibition of PI3-K by wortmannin blocks bradykinin-induced activation of MAPK but not activation of PTP
Serum-starved A431 cells were preincubated with the PI3-K inhibitor wortmannin (100 nM) for 30 min and then treated with bradykinin (100 nM) for 5min. The cells were lysed and tyrosine phosphorylation of EGFR (A) and MAPK activity (B) were assayed as described in the Experimental section. The autoradiograms shown are representative of four separate experiments performed in duplicate.
Figure 7 Inhibition of PKC blocks bradykinin-induced MAPK activation but not PTP activation
Serum-deprived A431 cells were pretreated with the PKC inhibitor bisindolylmaleimide (5 µM) for 30 min, followed by the addition of 100 nM bradykinin for 5 min. The cells were lysed, and EGFR tyrosine phosphorylation (A) and MAPK activation (B) were determined as desribed in the Experimental section. The autoradiograms shown are representative of four separate experiments performed in duplicate.
AG 1478, suggesting that EGFR is not involved in the pathway linking the bradykinin receptor to MAPK. For comparison, in our assay system, the same concentration of AG 1478 efficiently reduced EGF-induced MAPK activation (476p40 %) to 171p36 % of basal levels (n l 3). Wortmannin, a specific inhibitor of PI3 kinases, clearly abolished the stimulatory effect of bradykinin on MAPK activity ( Figure 6B ), whereas the bradykinin-induced decrease in EGFR tyrosine phosphorylation was insensitive to wortmannin ( Figure 6A ). Furthermore, activation of MAPK in response to bradykinin was likewise completely abolished in presence of the PKC inhibitor bisindolylmaleimide ( Figure 7B ). In contrast, stimulation of PTP activity by bradykinin was not influenced by bisindolylmaleimide ( Figure 7A ). These results indicate that the pathway linking the bradykinin receptor to the MAPK cascade depends on the activation of certain isoforms of PI3K as well as of PKC in A431 cells.
Stimulation of Src-family kinase activity by bradykinin and effects of the Src inhibitor PP1
To investigate the influence of bradykinin on the activity of Src kinase, lysates from A431 cells were immunoprecipitated with a polyclonal c-Src antibody. The immunoprecipitable kinase activity was determined in itro by its ability to phosphorylate the synthetic peptide AEEEIYGEFEAKKKK. As shown in Figure  8 (A), the c-Src activity was rapidly increased by bradykinin treatment, reaching a maximum at 40 s and returning to basal levels after 3 min. No peptide phosphorylation was observed when non-immune serum was used for immunoprecipitation (results not shown). PP1, a selective inhibitor for the Src kinase family [30] , failed to block the effect of bradykinin on EGFR tyrosine phosphorylation (results not shown). In contrast, inhibition of Src by PP1 lead to an increase in bradykinin-induced stimulation of MAPK activity, up to 118p29 %, compared with the effect of bradykinin on MAPK without pretreatment with PP1 ( Figure 8B ).
DISCUSSION
Tyrosine phosphorylation, and thereby activation of the EGFR, may be controlled by EGF, agonists of various GPCRs and several PTPs. The GPCR-mediated increase in EGFR tyrosine phosphorylation (transactivation) is still poorly understood and might be mediated by effects on intrinsic tyrosine kinase activity of EGFR, Src-family tyrosine kinases or inhibition of PTP activity. Whereas, up to the present, no receptor-induced inhibition of PTPs has been reported, there is mounting evidence for a GPCR-mediated activation of PTPs. For example, stimulation of the angiotensin II type-2 receptor leads to activation of SHP-1 (PTP1C) [19] . Activation of somatostatin receptor 1 results in an increase in SHP-2 (PTP1D) activity [31] . In contrast, stimulation of somatostatin receptor 2 is followed by activation of SHP-1 [32] . The cytosolic and Src homology domains containing PTPs, SHP-1 and SHP-2, are relatively well characterized. SHP-2 has been implicated as a positive mediator, whereas SHP-1 was found to act as an inhibitor of growth factor-induced mitogenic signalling [33] . Indeed, stimulation of SHP-1 by angiotensin II or by somatostatin leads to inactivation of MAPK and inhibiton of cell proliferation [19, 32] , whereas activation of SHP-2 via somatostatin receptor 1 is accompanied by stimulation of MAPK activity [33] . In A431 cells, we obtained three lines of evidence suggesting the stimulation of PTP activity by bradykinin. First, treatment of A431 cells with bradykinin reduced both basal and EGF-induced tyrosine phosphorylation of EGFR. Secondly, this effect of bradykinin was diminished in the presence of PTP inhibitors. Thirdly, the PTP activity in lysates from bradykinin-triggered A431 cells was significantly higher compared with lysates from unstimulated cells, as measured in itro with the specific PTP substrate [$#P]Raytide.
Among the various PTPs, the cytosolic PTP SHP-1 [34] , the cytosolic PTP 1B, which does not contain Src-homology or phosphotyrosine-binding domains [35] , and the transmembrane RPTPσ [27] are thought to negatively modulate EGFR. Whereas the activity of SHP-1 or PTP 1B remained unchanged after treatment of A431 cells with bradykinin, we detected elevated PTP activity in immunoprecipitates generated with an antibody recognizing RPTPσ and the closely related PTP LAR. Thus one, or both, of these PTPs may participate in bradykinin-induced downregulation of EGFR autophosphorylation. The increase in the [$#P]Raytide dephosphorylating activity of cell lysates in response to bradykinin, however, was higher compared with the increase in activity of immunoprecipitated RPTPσ\LAR. It is therefore possible that additional PTPs may be activated by bradykinin and contribute to reduced EGFR tyrosine phosphorylation.Very recently, another transmembrane PTP, RPTPα, was found to be involved in m1 muscarinic acetylcholine receptor signalling [20] . Obviously, RPTPs, as well as cytosolic PTPs, may be regulated by GPCRs. The mechanism by which GPCRs modulate PTP activity is not yet known. However, in A431 cells the bradykinin-induced PTP activation is mediated via a pertussis toxin-insensitive G-protein. In this cell line, bradykinin has been shown to bind to the bradykinin B # receptor subtype, and to induce both a rapid stimulation of phospholipase C activity via G q/"" and a slow increase in cAMP concentration via G s [24] . Considering the fast kinetics of PTP activation by bradykinin, it seems more likely that G q/"" -protein activation mediates the effect of bradykinin on PTP activity.
The first evidence for GPCR-induced decrease in EGFR tyrosine phosphorylation in A431 cells was presented by Langgut and Ogilvie [36] . They reported that stimulation of P2 purinergic ATP receptors leads to an enhanced vanadate-sensitive phosphatase activity which requires phospholipase Cβ and PKC activity. In contrast, the increase in PTP activity in response to bradykinin in A431 cells was independent of PKC. Since PP1 and wortmannin failed to inhibit the effect of bradykinin on EGFR tyrosine phosphorylation, Src and PI3-K may also be excluded as mediators of bradykinin-induced activation of PTP. Recently, Suzuki et al. [22] demonstrated the LPA-induced stimulation of PTP activity in A431 cells, which is mediated by pertussis-toxin-sensitive G-proteins of the G i and\or G o family. Compared with the pertussis-toxin-insensitive and PKC-independent effect of bradykinin on the activity of PTP, it appears that different signalling pathways may participate in PTP activation by GPCRs. Thus it may be assumed that not only transactivation but also transinactivation of RTKs by GPCRs requires a high degree of cell and receptor specificity.
As reported for various GPCRs and cellular models, transactivation of EGFR is frequently followed by subsequent stimulation of MAPK activity [5, 10, [12] [13] [14] [15] . Stimulation of PTP activity accompanied by EGFR transinactivation has been shown to result in inhibition of MAPK [19] , or of EGF-induced activation of transcription factors [22] . In the present work, we demonstrate EGFR transinactivation by bradykinin and a concurrent activation of MAPK. Thus in contrast to other cells [14, 15] , in A431 cells the bradykinin-induced activation of MAPK is independent of a concomitant EGFR transactivation. In contrast, it requires activation of PI3-K and PKC. Since A431 cells do not contain immunochemically detectable amounts of PI3-Kγ, but instead p85 adaptor protein and p110β (results not shown), the dimeric PI3-Kβ should be used to mediate the bradykinin effect towards MAPK. Indeed, not only PI3-Kγ [4] , but also PI3-Kβ, was shown to be activated by βγ-complexes from pertussistoxin-sensitive G-proteins in itro [37] . Recently, we demonstrated the sequential activation of a G q/"" -protein, PI3-Kβ, PKCε and MAPK by bradykinin in the human colon carcinoma cell line SW 480 [6] . At present, we cannot discriminate whether PI3-K is activated upstream of PKC or vice versa, and which of the different bradykinin-activated PKC isoforms is involved in mediating the bradykinin effect on MAPK in A431 cells. Nevertheless, the consecutive activation of PI3-K and PKC may represent an alternative signalling pathway to link GPCRs to MAPK. Furthermore, as in Swiss 3T3 cells [8] , bradykinin is capable of inducing a rapid and transient increase in Src kinase activity in A431 cells. Whereas, Src is not important for the effect of bradykinin on PTP activity, it appears to be involved in the fine-tuning of MAPK activation by bradykinin. The mechanism whereby active Src counteracts the effect of bradykinin on MAPK is completely unknown and its exploration represents a separate story. It might be speculated, however, that Src induces tyrosine phosphorylation and, thereby, inactivation of a PKC isoform which participates in bradykinin signalling on MAPK. Indeed, inhibition of PKC δ by an EGFR-and Src-mediated tyrosine phosphorylation was found recently in keratinocytes [38] .
Taken together, we present further evidence for a complex signalling network in A431 cells, consisting of the interconnected signalling pathways of the bradykinin B # receptor and the EGFR. In the present work, we have demonstrated a signalling route from the bradykinin B # receptor to MAPK, which involves the activation of PI3-K and PKC via a G q/"" -protein. Bradykinin is also known to activate PKC in A431 cells via G q/"" and phospholipase Cβ, resulting in threonine phosphorylation of EGFR and its desensitization towards EGF [21] . In the present study, we show that, in A431 cells, bradykinin also induces a Gq /"" -mediated stimulation of PTP activity and, thereby, additionally counteracts the activation of EGFR by EGF. Obviously, bradykinin is capable of using at least three separate G q/"" -mediated pathways in A431 cells : one to activate MAPK and two which converge at the EGFR level to prevent stimulation of MAPK by EGF. Three different PKC isoforms (α, δ and ζ) appear to play a key role in bradykinin signalling in A431 cells [39] . They may be activated by coincident signals from separate biochemical routes and divert the signals to different targets, e.g. the EGFR or Raf [7] . These findings in A431 cells may also reflect at least two basic principles in signal transduction. The dual activation of the PTP as well as the PKC pathway [21] , which both affect the EGFR, may be an example of the potency of cells to regulate important signalling molecules by co-operative pathways. Further, the demonstration that transactivation of RTKs is not a general prerequisite for the activation of MAPK by GPCRs shows anew the high degree of cellular specificity of mitogenic signalling.
